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Abstract
The thermal decomposition of formic acid (HCOOH) and acetic acid (CH 3 COOH), two carboxylic acids which play an important role in oxygenate combustion chemistry, were investigated behind reflected shock waves using laser absorption. The rate constants of the primary decomposition pathways of these acids:
HCOOH à CO + H 2 O (R1) HCOOH à CO 2 + H 2 (R2)
CH3COOH à CH2CO + H2O (R4)
were measured using simultaneous infrared laser absorption of CO, CO 2 reactions of formic acid were calculated by fitting exponential functions to the measured CO, CO 2 and H 2 O time-history profiles. These two decomposition channels were found to be in the fall-off region and have a branching ratio, ! ! , of approximately 20 over the range of pressures studied here. The best-fit Arrhenius expressions of the first-order rates of R1 and R2
were found to be:
Introduction
Carboxylic acids are compounds which contain one or more carboxyl groups (COOH).
They are readily formed during the pyrolysis and oxidation of large oxygenated species. This is particularly important in the modelling of ester-based bio-diesel fuels as carboxylic acids and ketenes are the main products of the pyrolysis of esters [1] . Formic acid (HCOOH) has been shown to be the main product of ethyl formate pyrolysis [2] and acetic acid (CH 3 COOH) was observed to be a primary product of ethyl acetate decomposition [2, 3] . Formic acid is also an important intermediate during the oxidation of dimethyl ether at low and intermediate temperatures [1] and acetic acid is the major product of acetic anhydride pyrolysis [4, 5] .
Accurate rate constant data describing the pyrolysis of formic and acetic acids are needed to build reliable kinetic mechanisms for large oxygenated fuels.
There are two main pathways for the decomposition of formic acid [6] ; dehydration (R1), and decarboxylation (R2):
A number of experimental [6] [7] [8] [9] [10] [11] and theoretical [12] [13] [14] [15] studies have been carried out on the decomposition of formic acid, including three shock tube studies. Hsu et al. [6] studied the decomposition of formic acid using infrared (IR) laser absorption of CO. They determined the rate constants of both reactions R1 and R2 using a non-linear least square fitting of the measured CO profiles. They found that the branching ratio, ! ! , was ~10 at low temperatures and approaches 1 at 2000 K. Saito et al. [7] studied the thermal decomposition of formic acid in a shock tube using formic acid emission near 3.4 µm, CO emission near 4.6 µm and CO 2 emission near 4.23 µm. Their measurements found that the branching ratio, ! ! , was of order 100 over the entire temperature range (1300-2000 K). The observed rate constant behaviour agreed with their calculations using the Rice-Ramsperger-Kassel-Marcus (RRKM) weak collision theory. In 2005, Saito et al. [8] reinvestigated the decomposition of the formic acid by monitoring the IR emission of formic acid monomer (5.66 µm), CO (4.63 µm) and CO 2 (4.23 µm). They noted that 10 -20% of gaseous formic acid is converted to formic acid dimer, (HCOOH) 2 , at room temperature and this concentration cannot be neglected. Rate constant results obtained from this study were in reasonable agreement with their previous study [7] .
Similar to formic acid, there are two main pathways for the decomposition of acetic acid; decarboxylation (R3) and dehydration (R4):
Blake and Jackson [16, 17] studied the acetic acid pyrolysis using static and flow systems at temperatures of 733 -1053 K and pressures near 1 atm. They concluded that the decarboxylation reaction is first order while the dehydration reaction is second order below 873 K and it exhibits first order behaviour for higher temperatures. Mackie and Doolan [18] studied the thermal decomposition of acetic acid in a single-pulse shock tube. Using gas chromatograph and IR cell analysis of the product gases, they found that the acetic acid decomposed through the two competing pathways, R3 and R4, at approximately equal rates and both rates were first order. Saito et al. [3] used a shock tube to study the thermal decomposition of ethyl acetate which produces acetic acid and ethylene. The branching ratio, ! ! , was measured by comparing the monitored IR emissions from CO 2 (4.23 µm) and H 2 O (2.68 µm) and was found
to be approximately unity. Another study by Butkovskaya et al. [19] used a flow reactor and IR emission of CO 2 and H 2 O to study acetic acid decomposition. They concluded that the ! ! ratio was two and in agreement with the ab-initio calculations of Nguyen et al. [20] and Duan and Page [21] .
In this work, sensitive and time-resolved laser-absorption measurements of CO, CO 2 and H 2 O were used to study the thermal decomposition of formic and acetic acids behind reflected shock waves. The measured time-history profiles were then used to calculate the rate constants of dehydration and decarboxylation reactions for both acids and these rates are compared to available experimental and theoretical data.
Experimental details

Shock tube facility
The experiments were carried out in a high-purity stainless steel shock tube facility at King Abdullah University of Science and Technology (KAUST). The shock tube has an inner diameter of 14.2 cm; the driven section is 9 m long while the driver section length can be varied to a maximum of 9 m. The inner surface of the shock tube is honed and electro-polished to reduce boundary layers and trapped impurities. The incident shock velocity is determined (± 0.1%) using five PCB (Model 113B26) piezo-electric pressure transducers (PZT) spaced over the last 1.3 meters of the driven section. The shock velocity at the endwall is determined by extrapolating the measured velocity. Typical incident shock attenuation rates ranged from 0.2 to 2 %/m for the current experiments. The pre-shock mixture pressure, P 1 , is measured using a high-accuracy Baratron pressure transducer, while the pre-shock initial mixture temperature, T 1 , is measured using a K-type thermocouple. Reflected shock conditions, P 5 and T 5 , are calculated using standard normal-shock relations and thermochemical data taken from the Sandia thermodynamic database [22] .
Mixture preparation
Gas mixtures were prepared manometrically using high-purity argon (99.999%) and Sigma Aldrich's formic (≥ 98%) or acetic (≥ 99.7%) acids. A freeze-pump-thaw process was used to purify the acids. The acid was first evaporated and introduced into a mixing vessel; argon gas was then slowly flown into the vessel. A magnetically-driven stirrer assembly was used for at least 1 hour ensure homogenous mixing. The shock tube was pumped for about 30 minutes 
Laser absorption measurements
Three separate optical setups were installed near the shock tube endwall to monitor simultaneously CO, CO 2 , and H 2 O time-histories. The laser beams from three laser sources were transmitted through optical windows located at a distance 2 cm from the driven section endwall.
For all absorption diagnostics, the mole fraction was calculated using the Beer-Lambert law:
where is the transmitted laser intensity, ! is the incident laser intensity, (cm -2 atm -1 ) is the line-strength of the transition, (cm) is the line-shape function, is the mole fraction of the absorbing species, ! (atm) is the total pressure of the gas behind reflected shock wave and (cm) is the absorption path length (internal diameter of the shock tube).
Carbon monoxide mole fraction was measured using the R(13) absorption line near 2193.36 cm -1 (4.56 µm) in the ! fundamental vibrational band of CO. A fixed-wavelength direct absorption strategy was used, where the mid-IR light was generated by a cw quantum cascade laser (QCL) supplied by Alpes Lasers. The argon-broadening parameters for the R (13) transition were taken from [25] , whereas line-strength was obtained from the HITRAN database [26] .
An external-cavity QCL by Daylight Solutions was used for the laser absorption of carbon dioxide near 2390.52 cm -1 (4.18 µm) in the ! vibrational band of CO 2 . High temperature crosssections of CO 2 at the line-centre were measured in our shock tube and verified with previous measurements by Ren et al. [27] . The time resolution of the laser diagnostics used in this study is 0.4
µs.
Water vapour concentration was monitored using a distributed feedback (DFB) diode laser operating near 3416.16 cm -1 (2.93 µm) in the ! fundamental vibrational band of H 2 O. The selected transition has relatively high lower-state energy and thus absorption by ambient water vapour is negligible. Absorption cross-sections were measured for the temperature range of interest using our shock tube facility.
Results and discussion
Unimolecular decomposition rates were measured for formic and acetic acids using shock tube and laser absorption. For formic acid, the experiments were performed at temperatures of 1234 -1821 K, pressures of 1.0 and 6.5 atm and initial concentration of 0.5% in argon. For acetic acid, the pyrolysis experiments were performed at temperatures of 1233 -1853 K, pressures of 1.0 and 6.0 atm and initial concentrations of 0.24% and 0.6% in argon.
Formic acid pyrolysis
Concentration time-histories of CO, CO 2 and H 2 O were measured simultaneously during the pyrolysis of formic acid. Representative traces are shown in Fig. 1 . The transmitted intensity is lost at early times due to the large density gradient across the shock wave, leading to a spike in the absorbance near time zero. This is known as the schlieren spike, not shown here. The rate constant, ! , is calculated using three different approaches. The first and second approach are based on non-linear least square fitting (shown in Fig. 1 
) of the [CO] and [H 2 O] profiles, as
suggested by Hsu et al. [6] .
where = ! + ! , = ! FA ! . The constants and are derived from fits to the data.
Knowing the initial concentration of formic acid, FA ! , the first order rate constants, ! and ! , can be calculated. The second order rate constants can be calculated using the total density. An is the local species mole fraction and ! is the rate constant of the i th reaction. The sensitivity plots show that the dehydration and decarboxylation reactions are dominant at the experimental conditions. However, minor interferences from secondary reactions occur and can become significant at higher temperatures and longer times. Therefore, at temperatures higher than 1500 K, only the initial 50 -100 µs of the measured species profiles are used to deduce rate constants.
The sensitivity analyses presented in Figs. S2 and S3 show the influence of a 3 rd decomposition channel, HCOOH = HCO + OH. This is an energetically inaccessible channel and we think that the rate parameters for this reaction are overestimated in the kinetic mechanism used here and thus shows up being sensitive. This is another reason that we opted to not use the mechanismfitting method for deducing rate constants. Hsu et al. [6] also concluded that this reaction can be ignored and only R1 and R2 are the main decomposition pathways of formic acid.
Arrhenius plots of the rate constants, calculated based on Eq. (2) fitting, for reactions R1 and R2 are shown in Fig. 4 . Excellent signal-to-noise ratio (SNR) was obtained for CO profiles at all cases, however, the SNR of the CO 2 profiles was quite low. This is due to the fact that the branching ratio of formic acid decomposition strongly favours CO formation. The measured rate constants did not exhibit any dependence on the initial concentration of HCOOH. It can be seen from Fig. 4 that both the dehydration reaction (R1) and the decarboxylation reaction (R2) are in the fall-off range over the measured pressure range (1 -6 atm). We have, therefore, plotted the first-order rates of R1 and R2 at different pressures in Fig. 4 . Experimental work of Saito et al. [7, 8] concluded that ! is in the fall-off region whereas ! is in the low-pressure limit over 1 -5 atm. Their RRKM calculations, on the other hand, predicted that both reactions should be in the falloff region over a pressure range of 1 -12 atm. Additional studies at higher pressures are needed to ascertain the fall-off behaviour of the formic acid decomposition reactions. Fitting the experimental data for ! and ! (balck '1.0 atm' and red '6.5 atm' lines in Fig. 4 ) results in the following first order rate constants:
Best-fit lines to the experimental data of Hsu et al. [6] and Saito et al. [7] are also shown in Fig. 4 for comparison with our data. For the rate constant of dehydration reaction (R1), there is good agreement between our 1 atm data and Saito et al. [7] data at temperatures less than 1430 K, while at higher temperatures our measured rate constants are faster by a factor of 2 -4. The dehydration rate constant measured by Hsu et al. [6] is lower at all temperatures, though their activation energy is quite similar to our data. The current study exhibits less uncertainty because of the lower reactant concentration, and thus lower influence from secondary reactions, that was possible because of the sensitive laser absorption diagnostics for CO, CO 2 and H 2 O. The rate constant for decarboxylation reaction (R2) provided by Saito et al. [7] is lower than that of Hsu et al. [6] by approximately two orders of magnitude. Our measurements fall between these two previous determinations. Comparing Fig. 4(a) and Fig. 4(b) , it can be concluded that the ! ! ≅ 20 over the entire temperature range studied here.
Acetic acid pyrolysis
Pyrolysis of acetic acid diluted in argon was studied at temperatures of 1233-1720 K, pressures of 1.0 atm and 6.0 atm and two initial concentrations of acetic acid (0.24% and 0.5%.)
As mentioned earlier, acetic acid decomposes via decarboxylation (R3) and dehydration (R4)
reactions. The rate constants, ! and ! , of these two reactions were determined by fitting the measured CO 2 and H 2 O profiles with simulations from the acetic acid mechanism of Mackie and Doolan [18] . Figure 5 shows representative time-history profiles of CO 2 and H 2 O for the pyrolysis CH 3 COOH. The best-fit profiles give a value of 438 s -1 for ! and 740 s -1 for ! . This method of determining the rate constant by fitting the measured species profile with the simulated profile was prefered for acetic acid because the pyrolysis mechanism of Mackie and Doolan [18] contains all relevant reactions of acetic acid and its fragments. Sensitivity analyses performed for CO 2 and H 2 O (Fig. S4 Supplementary Material) show that the CO 2 profile is only significantly sensitive to the rate constant ! , while the H 2 O profile is primarily sensitive to the rate constant ! .
Arrhenius plots for both decarboxylation and dehydration reactions of acetic acid pyrolysis are shown in Fig. 6 for a range of pressures and initial concentrations. It can be observed that the first order rate constants of both reactions R3 and R4 show pressure dependence. Thus the decarboxylation and dehydration reactions (R3 and R4) appear to be in the falloff regime. Fitting the experimental data for ! and ! (red '1.0 atm' and green '6.0 atm' lines in Fig. 6 ) results in the following first order rate constants:
Our measured rate constant data show that the tendency of the dehydration reaction to occur is about two times higher than that of the decarboxylation reaction, as observed previously by [19] [20] [21] . Mackie and Doolan [18] , on the other hand, argued that both reactions have about the same probability. It can be also seen from Fig. 6 that there is reasonable agreement, especially at high temperatures, between our measured rate constants ( ! and ! ) and the theoretical values calculated by Duan and Page [21] . The experimental values measured by Mackie and Doolan [18] are smaller than our results by almost an order of magnitude.
Uncertainty analysis
Detailed uncertainty analysis is carried out to estimate the overall uncertainty in the measured rate constants. The individual sources of errors in the measured rate constants are:
temperatures (± 0.7%), the mixture composition (± 50%), CO, H 2 O and CO 2 absorption coefficients (± 3%), wavemeter reading (± 0.005 cm −1 ), fitting the experimental profiles (± 5%), locating time zero (± 0.5 µs), the rate constants for secondary reactions HCOOH → HCO + OH (uncertainty factor = 4, R1 and R2), HCOOH + H → H 2 + CO + OH (uncertainty factor = 4, R1), HCOOH + H → H 2 + CO 2 + H (uncertainty factor = 4, R2), CH 3 COOH → CH 4 + CO 2 (uncertainty factor = 4, R4) and CH 3 COOH → CH 2 CO + H 2 O (uncertainty factor = 1.86, R4).
The effects of these error sources on the rate constant are determined separately. The overall uncertainty is calculated by the root-sum-squared method and found to be ± 37% and ± 41% for the first-order rate constants of R1 and R2, respectively at 1396 K and 1.22 atm. The uncertainty was calculated to be 32% and 37% for R1 and R2 at 1353 K and 6.8 atm. The estimated overall uncertainties of first-order rate for reactions R3 and R4 are ± 29% and ± 34%, respectively at 1435 K and 0.964 atm. It was also calculated at 1472 K and 6.2 atm and found to be 25% and 31% for R3 and R4, respectively.
Conclusions
The rate constants for the decarboxylation and dehydration pathways of formic and acetic acid pyrolysis were measured behind reflected shock waves using CO, CO 2 and H 2 O laser absorption. Significantly reduced uncertainties in these rate measurements were achieved because of the high sensitivity and signal-to-noise ratio of the species time-history measurements used in these determinations. The measured rate constants will help provide improved modelling of the decomposition of these two carboxylic acids and will aid in the refinement of detailed kinetic mechanisms of oxygen-containing biofuels. 2)) and by using the best-fit profile from the kinetic mechanism. Solid lines are linear-fit to the data points. 2)) and by using the best-fit profile from the kinetic mechanism. Solid lines are linear-fit to the data points. Mixture prepared at 0.5 %
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